In order to determine the effect of vitamin D on tubular reabsorption of phosphate, micropuncture studies were performed in the proximal convolution of normal rats, of parathyroidectomized rats, and of rats with rickets. The studies showed that vitamin D exerted a direct effect on transtubular reabsorption of phosphate that was independent of parathyroid function. The glomerular filtration rate was not affected by vitamin D. The reabsorption of phosphate of normal rats was 13.51 yumoles/min per kg. This corresponds to a fractional reabsorption of 73%. With vitamin D the fractional reabsorption increased to 86%. Despite continuous infusion of vitamin D, the phosphate reabsorption decreased to 13.95 /^moles/min/kg (fractional reabsorption 74%) after 180-240 min. Parathyroidectomized rats also showed a decreased transtubular reabsorption of phosphate during vitamin D infusion. In animals under a phosphate load who suffered from rickets, it was possible to normalize the decreased rate of reabsorption of phosphate (fractional reabsorption 59%) by the administration of vitamin D (fractional reabsorption 78%).
Introduction
. Other authors, in cases with hypoparathyDespite numerous studies regarding the mode of acroidism and during administration of high doses of tion of vitamin D, its action on renal transport of vitamin D, reported an inhibition of tubular reabsorpphosphate is still obscure. A few authors postulated, tion of phosphate [1, 5, 23] . It is not clear whether primarily in cases of vitamin D-deficient rickets, that vitamin D directly affects tubular reabsorption of viincreased reabsorption of phosphate occurs [13, 14, 19, tamin D [13, 14] , or whether the changed reabsorption Vitamin D and reabsorption of phosphate by rat kidney 41 is the result of the action of vitamin D on the parathyroid glands [19, 23] . Ney et al. [23] have reiterated the opinion that vitamin D inhibits the function of the parathyroid glands and through this mechanism produces an increase in the rate of reabsorption of phosphate by the kidney. Au et al. [3] and Ham et al. [12] reported that the function of the parathryoid glands relates exclusively to the calcium level in serum as a feedback mechanism. These findings were countered by studies [7, 19, 26, 33] of healthy organisms, humans and animals, which show that vitamin D has no effect on clearance of phosphate. Since disagreement between authors can partly be explained by the method and partly by the heterogenous test material, we performed micropuncture studies at the proximal convolution of the kidney of normal rats, of parathyroidectomized rats, and of rats with rickets.
Results show that vitamin D increased tubular reabsorption of phosphate in normal rats as well as in parathyroidectomized rats and in rats with rickets. With continuous infusion of vitamin D the increased reabsorption again decreased after 3-4 hr. The reabsorption mechanism in the epithelium of the tubule appears independent of the function of the parathyroid glands.
Materials and Methods
Male rats of the Wistar strain, weighing 180-200 g [36] , received a standard diet [37] with a calcium-tophosphorus ratio of 1:1 12 hr prior to the test; after that, only water was provided ad libitum.
Micropuncture
The animals were anesthetized by intraperitoneal injection of inactin (80-100 mg/kg), and positioned on a heated operating table (37°). The body temperature of the rats was continuously monitored and controlled. After tracheotomy and cannulation of the left and right jugular vein the left kidney was exposed by a loin incision, and immobilized in situ in a Plexiglas dish. Without injuring the capsule, fat and connective tissue were carefully dissected from the surface of the kidney. During the test the kidney was covered with paraffin oil at 37°. A lamp [38] was used to illuminate the surface of the kidney and a stereomicroscope [38] (100-fold magnification) was used for examination. All test animals received an infusion of 0.86% NaCl via the right jugular vein. The infusion rate was 1-1.5 ml/hr. Depending on the problem under examination this intravenous solution contained 1.800-20 units of vitamin D 3 [39] per min per 100 g body wt. Blood samples were drawn from a tail vein which had been made hyperemic. A polyethylene catheter was tied into the ureter slightly distal to the renal pelvis for continuous urine collection. Micromanipulators [38] were used for micropuncture. Removal of tubular fluid from the proximal convolution under free-flow conditions was carried out by using oil-filled micropuncture capillaries with an external diameter of the tip of 8-10 p. At the end of test the punctured tubules were filled with latex and were measured by microdissection. The distance from the point of puncture to the glomerulus was reported as a percentage of the total length of the proximal tubule.
Glomerular filtration rate was measured as clearance of 14 
C-inulin and
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Cr ethylenediaminetetraacetate (EDTA) [40] after it was found that the latter is identical with clearance of 14 C-inulin [9] . The animals received an initial dose either of 100 /xCi The effect of infusion of 0.86% NaCl (1.5 ml/hr) on the TF/P-phosphate in a normal and parathyroidectomized rat.
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GEKLE, STRODER, AND ROSTOCK [41] . Ratios of TF/P-inulin were determined with "C-inulin (TF = concentration of inulin in tubular fluid; P = concentration of inulin in plasma).
Determination of Inorganic Phosphate
Before the plasma was used, proteins were removed with 5% trichloroacetic acid. The concentration of inorganic phosphate in the tubular fluid and in the plasma was determined with the aid of an ultramicromethod which had been developed by modifying the Vitamin D and reabsorption of phosphate by rat kidney [22] . The principle of the reaction is as follows: phosphoric acid and ammonium molybdate change to ammonium phosphate molybdate, and it is then reduced by ascorbic acid to molybdate-blue.
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Analytic Method
The sample, 20 x 10-° ml, which had been stored under paraffin oil, was mixed in a wet chamber on Parafilm with 1 X 10~2 ml of a test solution (1 ml 10 N H2SO4, 6 ml H 2 O, 1 ml 1.5% ammonium molybdate solution, and 1 ml 10% ascorbic acid solution). The sample was then pipetted into a reaction container and stored for 2 hr at 38° in an incubator. The optical density was determined at 820 m/t in a spectrophotometer [42] , with the aid of a microcuvette [32] . Ten Table III A. Parathyroidectomized rats without vitamin D» infusion replications of a 2.5 mil phosphate solution (volume 20 x 10-° ml) were measured with a standard deviation of ±1%.
Parathyroidectomy
Under light ether anesthesia rats of the Wistar strain, weighing 180-200 g, underwent bilateral parathyroidectomy by electrocoagulation. To check the success of surgery, the calcium level in serum was determined with a flame photometer before parathyroidectomy and then 48-72 hr after parathyroidectomy. The animals were used for the experiments on the 3rd post-operative day when the effect of endogenous parathyroid hormone had completely subsided. At this time the calcium level reached its lowest value. 
Animals with Rickets
Four-week-old rats of the inbred type BD2 [43] were fed the McCollum rickets diet and carrots (Ca:P = 4:1) for 2-3 weeks. After this period of time the animals showed severe and extremely severe rickety changes. In every rat these changes were determined by a radiogram of the knee joint. Figure 1 shows the effect of intravenous administration of vitamin D 3 on the TF/P-phosphate ratio in the proximal convolution of the rat kidney. In normal animals infused with NaCl (1.5 ml/hr)_ the TF/P ranged from 0.53 to 0.84, and the mean (Xi) was 0.67 ± 0.09 (Table I ). There was no apparent change in the TF/P ratio after infusion of NaCl (Fig. 2) . After infusion of vitamin D 8 was started, and largely independent of the dosage (1.800-20 U/min/100 g), intratubular concentration of phosphate decreased. This was followed by a decrease of the TF/P-phosphate (Fig. 1) . The intratubular concentration of phosphate reached the lowest level from 60 to 120 min after the start of the infusion. The mean of all measured values (X 2 ) was 0.35 dz 0.11 (P < 0.001). Table II shows that the glomerular filtration rate
Results
Normal Animals
Vitamin 0) ( 500 U/min 100g ) 300 min 9.0 (GFR), the level of phosphate in plasma, and TF/P-inulin ratio had not changed as compared with the control group (Table I) . Subsequently, the concentration of phosphate in the lumen again increased, and after 180-240 min the TF/P, which had been 0.64 ± 0.11 (X 3 ), again was in the range of the starting values. At this time also the GFR, TF/P-inulin, and the phosphate concentration in plasma (Table II) were practically unchanged when compared with the control values. The tubular phosphate load was constant for all three periods (Xj = 18.45, X 2 = 18.83, X 3 = 18.23 /imoles/min/kg). In contrast to this, the calcium level Table VI . Phosphate-loaded rachitic rats infused with vitamin D during the second period (9.47 ± 0.34 mg/100 ml) showed a slight but significant decrease (P < 0.001) compared with the values exhibited by the control group (10.16 ± 0.36 mg/100 ml). During the third period, however, the calcium levels returned to control values (9.80 ± 0.91 mg/100 ml).
Parathyroidectomized Animals
The results of these studies are summarized in Table  III . The TF/P-phosphate ratio of parathyroidectomized rats infused with NaCl (1.5 ml/hr) ranged from 0.10 to 0.40; the mean (Xj) was 0.20 ± 0.11. Compared with intact animals, the GFR, which was 5.03 ± 0.49 ml/min/kg, was decreased (P < 0.001), and level of phosphate, 3.40 ± 0.26 mmole/liter was increased (P < 0.001). Because of the low starting values in this group it was not possible to demonstrate a definite decrease of the TF/P-phosphate ratio (X 2 = 0.29 ± 0.13) after the start of the vitamin D infusion (Fig. 3) . In some tests (Table IIIB, rat Nr.IX-XI) there was a slight but not significant decrease of the phosphate ratio. With continuous infusion of vitamin D, the TF/P-phosphate again showed a linear increase after 120 min, after 180-240 min it had reached a mean (X 3 ) of 0.62 ± 0.10 (P < 0.001). At this time the phosphate level was 3.53 ± 0.39 mmoles/liter.
Animals with Rickets
As illustrated in Figure 4 and Table IV , the TF/Pphosphate ratio in rats with rickets (A) ranged from 0.08 to 0.35; the mean was 0.19 dt 0.06. Compared with values of the control group, the GFR, 9.89 ± 2.09 ml/min/kg, was significantly increased (P < 0.001). With a phosphate level of 1.84 dt 0.25 mmoles/liter a tubular load of 18.20 ^moles/min/kg for animals with rickets could be calculated. To demonstrate the effect of vitamin D in rats with rickets, the animals were loaded with phosphate (0.15 mmole/hr). Under this stress (Fig. 4B, Table V ) (the mean level of phosphate was 6.25 ± 1.38 mmoles/liter) the TF/P-phosphate increased to values ranging from 0.79 to 1.00 (mean 0.90 ± 0.10), and the GFR (Table V) , which was 9.93 dt 1.54 ml/min/kg, remained unchanged. When vitamin D was simultaneously added to the infusion of phosphate (Fig. 4C, Table VI) , the ratio ranged from 0.13 to 0.67 (mean 0.48 =f c 0.18, P < 0.001). The large variation of this group was due to the micropunctures, which were carried out at different times during the vitamin D infusion. Figure 5 shows that the TF/P-phosphate was lowest after the infusion had been running for 60 min. Subsequently, in normal as well as in parathyroidectomized animals, the ratio again increased. After 180-240 min the TF/P was within the range of the values of normal animals (X 3 = 0.61 ± 0.02). Figure 5 also shows that the rats with rickets that had not received vitamin D did not show the respective change under phosphate loading.
Discussion
The results show that in normal animals vitamin D increased the transtubular reabsorption of phosphate immediately after the start of the infusion. Since the GFR, the level of phosphate in plasma, and the TF/Pinulin ratio (the latter as a measure of the intratubular reabsorption of fluid) did not change, one can regard the increased reabsorption as a specific effect of vitamin D. This result was unexpected. In all the in vitro and in vivo studies of vitamin D action upon intestinal transport of calcium and phosphate, a latent period of 2 or 3 hr exists between the time of administration of vitamin D and demonstration of its physiological effect [14] . The reason for these varying results is not apparent at present. Experiments with the pure solvent without vitamin D had no effect on the TF/P-phosphate, and studies by Jesserer [17, 18] clearly showed that there is no different action between the vitamin D 3 in watersoluble complex and other modifications. The only experiments in which addition of vitamin D directly to a metabolizing system has altered its function are those of Engstrom and DeLuca [7] in which kidney mitochondrial preparations have been used. This report shows clearly that vitamin D 2 and D 8 added in vitro dramatically stimulated the release of calcium. It may be that the nitrated vitamin D 3 in our experiments exerted an analogous effect on the luminal side of the tubular cells.
From the results presented in Table I it was possible to calculate the absolute amount of reabsorption of phosphate in the control group. The tubular reabsorption of phosphate at the end of the proximal convolution, with a TF/P-inulin of 2.5 and a mean TF/Pphosphate of 0.67, was 13.51 /xmoles/min/kg in normal animals. The tubular PO 4 load of 18.45 ^moles/min/ kg, corresponds to a fractional reabsorption of 73%; i.e., in normal animals 73% of the filtrated phosphate is reabsorbed after passage through the first two-thirds of the proximal tubule. This reabsorption corresponds to the values which have been reported by Strickler et al. [31] . He found, also in micropuncture studies, a phosphate reabsorption of 10.10 ^moles/min/kg and a fractional reabsorption of 76%.
If the reabsorption of phosphate under the influence of vitamin D is calculated for the time X 2 , when TF/ P-inulin end-proximal ratio is 2.5, one finds a reabsorption of 15.28 /^moles/min/kg, or a fractional reabsorption of 86%. Thus, tubular transport of phosphate under the influence of vitamin D showed a definite increase in normal rats. Figure 1 and Table II also show that a continuous infusion of vitamin D for 180-240 min (X 3 ) increased the TF/P-phosphate to 0.64 ±0.11. Since the concentration of the phosphate in plasma had not changed, the increase must have been due to an increased concentration of the intratubular phosphate. This reactive inhibition of the phosphate transport with a consequent rise of the TF/P-phosphate, however, was only effective until the normal TF/P ratio had been once again reached. This means that only the reabsorption which was under the effect of vitamin D was inhibited; further inhibition of phosphate transport did not materialize. This finding corresponds to the observations of Watchorn [33] as well as of Winberg and Zetterstrom [34] , who reported that increased phosphate excretion in the urine does not occur even with vitamin D intoxication. The GFR, 7.16 ± 1.27 ml/min/kg, is not increased compared with findings at times X x and X 2 . For time X 3 a tubular load of 18.23 ^moles/min/kg-with a TF/Pinulin of 2.5 and an absolute reabsorption of phosphate of 13.95 /tmoles/min/kg can be calculated. This amount corresponds to a fractional reabsorption of 74%.
As has been shown by the experiments of Kodicek [20] , the property of vitamin D of increasing transport of phosphate in the proximal tubule closely correlates with its distribution in the nephron. During autoradiographic examinations Kodicek found, in the first one-third of the proximal convolution, a strong accumulation of 14 C-labeled vitamin D but no or only minimal activity in the other parts of the nephron. We know from numerous studies, however, that transport of phosphate takes place in the proximal tubule. It remains undetermined where the tubular phosphate secretion observed during the terminal stage of renal failure is located [8] . The studies of Nicholson and Shepherd [24] indicate that distal secretion of phosphate, which has been proved to exist in lower animal species, actually also takes place in mammals.
It is still not clear in what manner vitamin D affects reabsorption of phosphate. Since it was shown by micropuncture studies that parathyroid hormone inhibits tubular reabsorption of phosphate in the proximal convolution [4, 10] , this effect could either result from inhibition of the secretory activity of the parathyroid glands or be a direct effect of vitamin D on cellular phosphate transport. Our studies were also unable to solve this problem. The findings suggested, however, that this is not just a problem of dealing with inhibition of parathyroid function, but also one involving a direct effect on the tubular transport system. In parathyroidectomized animals, the studies showed a decreased TF/P-inulin of 2.2 at the proximal end. With a mean TF/P-phosphate of 0.20 ± 0.08 for time Xj an absolute reabsorption of 15.55 /unoles/ min/kg or a fractional reabsorption of 91% can be calculated. Even though tubular transport of phosphate with a constant GFR is limited by a transport maximum [25] , it was found that in some tests with vitamin D the reabsorption of phosphate also increased in parathyroidectomized animals. Analogous studies on the small intestine of the rat also indicated a direct effect of vitamin D on phosphate reabsorption and these results could be extrapolated to the renal tubule. These tests showed that vitamin D increases the reabsorption of phosphate against a concentration gradient [14] . Furthermore, since the reabsorption-promoting action occurred immediately after the start of the infusion, and since it again decreased after 120 min, we presume that an action on the secretory activity of the parathyroid gland was unlikely. In contrast it was possible that vitamin D inhibited the activity of parathyroid hormone on the cell, e.g., by inhibiting the formation of cyclic 3',5'-adenosine monophosphate (AMP). The observations of Russell et al. [27] that cyclic AMP not only plays a role in the action mechanism of the antidiuretic hormone, but also plays a role in the effect of parathyroid hormone on the kidney, supports this hypothesis. It will only be possible to prove this, however, when we know more about the biochemical mode of action of these two substances.
It remains undetermined why the initially definite reabsorption increase once again decreased in all test groups after 90-120 min, or why the TF/P-phosphate showed a linear increase. Albright and Reifenstein [2] have already observed that vitamin D in high doses (200,000-100,000 U/24 hr) increased phosphate excretion in the urine of patients with hypoparathyroidism. Similar findings were obtained by clearance studies in parathyroidectomized rats [5] . Hitherto, attempts to Vitamin D and reabsorption of phosphate by rat kidney 51 contrast this reversal of the effect as a so-called pharmacological effect of high doses to the known physiological effect have not been convincing [15] .
Our studies also failed to show a relation to the dose of vitamin D. The observation that the calcium level does not increase during infusion of vitamin D, whereas the symptoms of vitamin D intoxication depend significantly on the magnitude of the calcium concentration, also argue against the existence of vitamin D intoxication [30, 34] . Furthermore, a decrease of the GFR, described in dogs after the administration of high, toxic doses of vitamin D [13, 14, 21] , was not observed. Thus, one would have to discuss the exhaustibility of a metabolite of vitamin D in the sense of DeLuca et al. [6] , a reactively increased breakdown of the vitamin (e.g., in the liver) or developing resistance to the physiological activity of vitamin D, similar to the pathological appearance of vitamin D-resistant rickets. High doses of vitamin D, however, may also produce an increase in the secretion of thyrocalcitonin. On the basis of the reabsorption-inhibiting effect of thyrocalcitonin [11] , it would be possible to explain the increase in the TF/P-phosphate. It is certain, however, that the observed "inactivation" was not an effect of parathyroid hormone since it was also seen in parathyroidectomized animals and it was not the result of toxic renal damage because renal function was controlled during the entire experiment.
As shown by tests on animals with rickets, the TF/ P-phosphate mean was 0.19 ± 0.06. Initially, this observation was surprising since it led to the assumption that reabsorption of phosphate was almost complete in animals with rickets. Assuming a TF/P-inulin at the proximal end of 2.5, one can calculate the absolute reabsorption and one finds a reabsorption rate of 16.82 /xmoles/min/kg and a fractional reabsorption of 92%. This high reabsorption and the low TF/P ratio, however, was a result of the low content of phosphate in the feed. The ratio of reabsorbed phosphate to filtrated phosphate approaches a value 1 when administrated phosphate approximates 0 [16] . With the McCollum diet, the Ca/P ratio was 4:1. To keep the concentration of phosphate in the blood at approximately normal levels, the filtrated phosphate is almost completely reabsorbed in the proximal tubule as a compensatory mechanism. As a result of this, the TF/ P-phosphate ratio showed a strong decrease with an increasing tubular length, or in the final urine collection the excretion of phosphate was exceedingly small. Under phosphate loading this was different. In this situation, with a mean phosphate level of 6.25 ± 1.38 mmoles/liter, an increase of the TF/P value to 0.90 ± 0.10 took place (P < 0.001). With a TF/P-inulin of 2.2 at the proximal end we calculated a fractional reabsorption of only 59% in this group. If vitamin D is simultaneously infused with the phosphate load, however, one finds, when examining only the TF/P ratios up to 120 min after the start of the infusion, a TF/Pphosphate ratio of 0.42 ± 0.15 (P < 0.001). Assuming that the GFR and the TF/P-inulin ratios were not changed by vitamin D, as seen in normal animals, we found a fractional reabsorption of 78%. Thus, with vitamin D infusions it was possible to increase phosphate reabsorption by 32%.
